S
treams and rivers of Wisconsin reflect the influence of more than 100 years of human activity. These systems have been subjected to upland and channel alterations that include deforestation, wetland drainage, soil inputs from poor farming practices, dam construction, and nutrient enrichment from point and nonpoint sources. Agricultural activities in particular have influenced water quality through modifications such as fertilizer application, increased upland erosion, ditching and tile draining to move water off the land, and straightening of channel ways. The combined effect of nutrient loading and simplification of the physical structure of agricultural streams is to diminish the ability of these systems to retain nutrients (Royer et al. 2001) . Because the availability of nitrogen (N) or phosphorus (P) (or both) often limits rates of biological processes in aquatic systems, recent increases in delivery of N and P to lakes, streams, and rivers have acted to fertilize not only the receiving freshwater ecosystem but also coastal areas, resulting in undesirable increases in productivity in both freshwater and marine systems (Carpenter et al. 1998 , NRC 2000 .
The second conspicuous human influence on streams and rivers of the state is the widespread presence of dams. There are approximately 3700 dams, or 1 dam every 14 kilometers of river in Wisconsin (WDNR 1995) . Although there is a healthy representation of large dams (structures > 2 meters [m] that impound ≥ 62,000 m 3 , or structures > 7.6 m that impound 18,500 m 3 ; USACE 1998), state waterways are more commonly populated by high densities of small, run-of-river structures, many of which are well over 80 years old. (Runof-river structures are dams that create reservoirs with small storage capacity and do not alter the river's flow regime.) The abundance of dams can be traced back to the Milldam Act of 1840, which encouraged the use of hydropower to fuel the state's burgeoning economy (Martini 1998) . Unfortunately, many of these structures are no longer economically viable, represent a safety risk, and compromise the quality of the aquatic resource (Born et al. 1998) . Under these circumstances, dam removal is a logical management option, and more than 50 dams have been removed under the supervision of the Wisconsin Department of Natural Resources over the past three decades. To date, and reflective of the national trend (Doyle et al. 2000) , most dams that have been removed within the state were relatively small structures.
The growing interest and occurrence of dam removal underscores the inextricable link between agriculture and river modification in the Midwest. Dams were often built for milling of agricultural products, and the sediment-trapping ability of reservoirs means that topsoil and nutrients lost from farm fields are now stored behind dams. Given the growing concerns about nutrient enrichment and the potential for dam removal to affect nutrient dynamics, understanding the effects of dam removal on nutrient processes should be a research and management priority. In this article, we draw from the context of agriculturally dominated watersheds in Wisconsin to explore how dam removal may influence the movement of N and P in rivers. We approach this issue first by briefly considering nutrient transport in rivers and how reservoirs can affect nutrient processes. We then consider Emily H. Stanley (e-mail: ehstanley@facstaff.wisc.edu) is an assistant professor of river ecology in the Center for Limnology at the University of Wisconsin, Madison, 
Nutrient retention in streams and rivers
The increase in nutrient concentrations in many aquatic systems over the past several decades is now well established (Carpenter et al. 1998 , NRC 2000 . Typically, N and P inputs to aquatic ecosystems are dominated by diffuse nonpoint sources from the surrounding landscape, often in association with agricultural and urban land uses. In many areas, including Wisconsin, fertilizer and manure application on farm fields represents a major input of both N and P to lakes and streams. But the paths that these two nutrients take from terrestrial to aquatic environments are distinct. In enriched systems, nitrate (NO 3 -) represents the dominant form of N, often accounting for more than 50% of the total N budget (Hedin et al. 1995 , Goolsby et al. 1999 ). This form of N is highly soluble and thus travels easily in water from soil to groundwater and into surface water systems. It is also readily taken up by algae and bacteria, which can lead to excess growth of these microorganisms in aquatic systems. Fortuitously, NO 3 -can be removed from water and returned to the atmosphere via the process of denitrification-that is, the conversion of NO 3 -to a gaseous and relatively inert form of N (N 2 ) by bacteria. This transformation occurs under conditions in which the oxygen (O 2 ) is absent or its concentration is reduced, such as when NO 3 --rich groundwater travels through wetland soils or streambed sediments. For streambeds, sediment composition plays a key role in determining whether or not denitrification can occur; streambeds with a coarse gravel substrate have a lower potential for denitrification than those with finer sediments, because oxygen concentrations generally remain high in porous sediments (Garcia-Ruiz et al. 1998) . Thus an important aspect of NO 3 -(and thus total N) retention in streams and rivers is the degree to which NO 3 --rich water encounters areas in which O 2 is depleted (NRC 1992) .
In contrast to the high mobility of NO 3 -, P movement through ecosystems is relatively slow and is dependent on erosion and sediment transport. The inorganic form of P (phosphate, PO 4 3-) has a high affinity for mineral surfaces and therefore easily attaches to sediment and soil particles. Phosphorus fertilizer applied to farm fields typically stays in place and slowly builds up over time; its transfer to the aquatic environment requires mobilization and transport of soil particles. The combination of farming and urban development has fostered both a widespread buildup of P in soils and the transport of these soils to aquatic systems (Bennett et al. 2001) . Reservoirs and lakes then trap particles and store this legacy of fertilization and land use for years. Thus while movement of N is strongly influenced by the extent of interactions between NO 3 --rich water and O 2 -poor sediments (or sediment-water contact), P transport is often driven by the movement of particles in streams and rivers, particularly in sediment-rich systems characteristic of basins with substantial agricultural land use (Ng et al. 1993) .
It has long been assumed that once N and P enter a stream, fluvial systems do little more than transport the nutrients to downstream environments. While the idea of streams as transporters is still pervasive, the nutrient spiraling concept Patten 1979, Newbold et al. 1981 ) has emphasized the role of streams as transformers as well as transporters of elements such as N and P. With the awareness that streams and rivers can remove and transform nutrients and materials as well as transport them, questions now being explored by ecologists and hydrologists focus on understanding factors that control rates or distances of nutrient uptake within and among different systems (Fisher et al. 1998) . The net effects of transport and transformation can be expressed in terms of retention: the difference in total inputs to and outputs from an aquatic ecosystem, such as a reservoir or a specified length of a river. Because retention integrates physical, chemical, and biological processes occurring throughout an area of interest, and because managers and researchers are trying to determine how to enhance the retentive abilities of streams and rivers (NRC 2000 , Mitsch et al. 2001 ), we will focus on nutrient retention for our consideration of the effects of dam removal on ecosystem dynamics.
Intensive studies of the biogeochemistry of streams and rivers over the past decade have emphasized the importance of transient storage zones for retention of dissolved nutrients-that is, those places in the channel where the flow of water is slowed, allowing sufficient time or circumstances for nutrient processing. Streambeds formed in extensive alluvial deposits or channels with abundant pools and backwaters typically have large amounts of transient storage, and thus have great potential for nutrient retention. Similarly, the size of a channel has an important influence on N processing in streams and rivers; larger channels appear to have an extremely limited ability to influence nutrient loads because of the restricted extent of sediment-water contact relative to the large volumes of water being conveyed (Alexander et al. 2000) . In short, the physical structure of the channel can exert an important control on the amount and form of nutrients exported by the stream (D'Angelo et al. 1993 , Valett et al. 1996 .
Effects of reservoirs on riverine nutrient dynamics
Retention by large reservoir systems can substantially reduce regional nutrient export by rivers (Caraco and Cole 1999) , such that the structure and function of receiving coastal systems are fundamentally altered following dam closure (Humborg et al. 1997) . Dominant mechanisms of retention are denitrification for N (Jossette et al. 1999 ) and particle settling for P (Kennedy and Walker 1990) . However, it is not clear how these trends of nutrient retention for large reservoirs translate to the smaller impoundments that represent the vast majority of recent removals in the United States. Ecological research on smaller reservoir systems has tended to focus on the role of these structures as barriers to migratory taxa or in creating lentic habitat for other aquatic species (Watters 1996 , Benstead et al. 1999 , and information regarding their influence on nutrient dynamics is scarce. Even basic questions such as "How many small dams are there?" are unanswered (Poff and Hart 2002) . Often, small dams and their impoundments are not included in watershed studies, or it is assumed that these structures have negligible or limited local effects (Graf 1999) . Unfortunately, this assumption is largely untested in the context of processes such as primary productivity or nutrient retention. Our limited knowledge of the starting point for subsequent changes represents a distinct challenge for studying the effects of dam removal. Perhaps one of the benefits of the current interest in dam removal will be to enhance our understanding of both the local and cumulative impacts of small impoundments on the dynamics of lotic ecosystems.
Dams do not have to create large impoundments with prolonged hydrologic residence times to foster nutrient retention. Although water may pass through small impoundments quickly relative to large reservoirs, hydrologic residence time is prolonged relative to an unimpounded channel because streamflow has the opportunity to spread out across a wide area. In older impoundments, a long history of sediment trapping means that many of these systems are now quite shallow and may have wetland-like habitats in the upper ends of the reservoir because of bedload deposition and delta formation (figure 1). These broad, shallow channels with reduced water velocities foster sediment deposition, promote P retention, and create greater sediment-water contact needed for denitrification (Kelly et al. 1987 , Jansson et al. 1994 . In essence, small impoundments represent unusually large transient storage zones in rivers, and the combination of sediment deposition and the creation of wetland or sandbar habitats should promote both P and N retention. Therefore, it is not surprising that we have found that nutrient concentrations immediately below even relatively small impoundments (those with dam heights < 4.5 m) are often less than concentrations upstream of the impoundment (figure 2). The percent reduction between upstream and downstream concentrations that can be achieved by passage through a small reservoir is highly variable. For relatively nutrient-poor systems, this reduction may exceed 70%; for some nutrientreplete systems, the reduction may be as small as 2%.
Channel form and dam removal
If P dynamics are governed by sediment storage and movement, and N retention is determined by the extent of sediment-water interactions, then it may be possible to make general predictions regarding these two critical nutrients from an understanding of changes in channel form and sediment transport triggered by the removal of a dam. Although models of geomorphic changes caused explicitly by dam removal have yet to be developed, there is a wealth of information on how channel form responds to a sudden increase in the slope of the channel, conditions that are frequently created by dam removal in relatively old reservoirs receiving inputs of finegrained sediment, which are common throughout the midwestern United States.
If the slope of a river channel suddenly increases, for example, by channelization or closure of a meander cutoff, natural processes will act to reestablish equilibrium conditions. Channel adjustment includes a suite of alterations in the width, depth, and alignment of the channel as the system moves back toward equilibrium. These changes have been well documented and synthesized in the form of channel evolution models (Schumm et al. 1984, Simon and Hupp 1986) . When dam removal causes an instantaneous increase in slope, these channel evolution models can be used to predict the geomorphic changes in channel form caused by dam removal , Pizzuto 2002 . It should be emphasized, however, that the specific changes caused by dam removal will vary among different fluvial systems and may include changes other than, or in addition to, an increase in the channel slope, and geomorphic models appropriate to studying dam removal will vary accordingly.
Drawing from the channel evolution model proposed by Simon and Hupp (1986) and from observations from several small dam removals in southern Wisconsin, Doyle and colleagues (2002) suggest that six geomorphic stages of channel development can be recognized within the impounded river reach following the removal of a dam (summarized in figure 3) . Herein, we limit the scope of consideration to geomorphic changes within the former impoundment and to the channel only (i.e., we do not consider floodplain development). Stage A represents the preremoval, backwatered reservoir condition, which, as described above, often has a broad and relatively shallow form because of sediment trapping within the reservoir. The original channel is often filled completely by sedimentation, leaving little trace of the channel alignment before impoundment. Sediment trapping also means that sediment deposits are often extensive, in some cases filling the entire reservoir (Palmieri et al. 2001) .
The most immediate and conspicuous change following breaching of a dam is the rapid decline in the water surface elevation (stage B). The decrease in water depth effectively increases the amount of sediment-water contact before any physical changes to the channel have occurred. The change in the slope of the water surface alone can cause an increase in water velocity, but only in the immediate vicinity upstream of the dam site. In the case of sediment-filled reservoirs, breaching also can cause a rapid increase in the channel slope, which, along with greater water-flow velocity upstream of the dam, initiates the first stage of adjustment to the channel itself (stage C). As the water surface is dropped, the channel degrades vertically into the sediments at the downstream terminus of the former reservoir to create an incised channel, and in the process, large amounts of sediment are trans- following breaching, so we expect that some length of stage C channel will be present along with stage B as soon as the dam is removed.
In rivers dominated by fine-grained sediments, incision creates banks that are often over-steepened, making the deep, narrow channel unstable and prone to slumping. Stage D is characterized by widening of the channel via mass wasting (slumping) of the banks. Reaches undergoing widening often experience substantial sediment losses; in fact, the amount of material lost because of widening can greatly exceed the volume removed by incision during stage C (Grissinger and Murphey 1986) . As degradation and widening progress, the sediment derived from upstream erosion is transported to downstream reaches within the former reservoir (and to reaches below the reservoir), where it begins to deposit. The transition between degradation and aggradation within the channel marks the start of stage E. Floodplains begin to form during this stage through overbank deposition as well (Pizzuto 2002) . Finally, channel form adjustments come to an apparent steady state in stage F with establishment of woody riparian vegetation, thereby stabilizing the channel form.
Following dam removal, the entire reservoir reach does not adjust to the slope change in a uniform fashion, either spatially or temporally. In systems with fine cohesive sediment, channel evolution often begins with the formation of an abrupt vertical drop in the channel slope, known as a headcut or knickpoint (figure 3, longitudinal profile), which subsequently migrates upstream (Schumm et al. 1984) . The rate of headcut migration often controls the rate of overall channel adjustment (Ritter et al. 1999 ). The channel immediately upstream from the headcut experiences little or no alteration other than dewatering (stage B), whereas the downstream reach is fundamentally altered by bed and bank adjustments (stages C and D). The transition between these two stages may be dramatic. For example, following the removal of the Rockdale Dam from Koshkonong Creek, Wisconsin, the river above the headcut was broad and shallow, and no physical changes in the channel had occurred, but below the headcut, water moved rapidly through a narrow, steepened channel (figure 4). Thus following dam removal, the reservoir reach becomes a shifting mosaic of channel forms. With increasing time since removal, the headcut moves farther upstream; more evolutionary stages are likely to be present and more of the entire reservoir will experience some adjustment (figure 5). The rate and extent of adjustment are influenced by site-specific conditions such as the composition of bed and bank material, the cohesion and consolidation of reservoir sediment, or the establishment of vegetation (Thorne 1989, Simon and Rinaldi 2000) . However, despite variation in the rate of channel evolution from one dam removal site to another, we expect that the sequence of adjustment is common in many Midwestern rivers similar to Koshkonong Creek. Thus the channel evolution approach provides a valuable framework for understanding physical and, as we outline below, chemical changes following the removal of a dam.
Nutrient dynamics and channel evolution
Patterns of geomorphic adjustments described above can be summarized in terms of the changes relevant to N and P retention. For N, channel form should be viewed in terms that reflect potential alterations in the degree of sediment-water contact. These changes are, at least in part, captured by measures of the wetted perimeter of the channel over time. For P, the appropriate physical variable is sediment transport. Before removal (stage A), the wide reservoir area and modest depth characteristic of many small impoundments mean that the wetted perimeter can be an order of magnitude (or more) greater than that of the upstream or downstream channel. Further, many of these sites still retain sediment (i.e., net sediment transport is negative) before removal (figure 6) . During stage B, the decline in the water elevation and subsequent dewatering cause only a minor decrease in the wetted perimeter, although the extent of change will depend on the morphometry of the specific reservoir. But as the wetted perimeter decreases, a greater proportion of the water is in contact with the sediment because of the overall reduction in water volume. Because the channel slope has not been altered, slow water velocity persists in the stage B reach, allowing continued sedimentation. Incision during stage C and widening in stage D result in large amounts of sediment transport. The wetted perimeter of the narrow, deep stage C channel is extremely small, but widening in stages D and E steadily increases the wetted perimeter. Aggradation during stage E signals a decrease in sediment transport, although the balance between retention and export of sediment will depend on relative quantities of bank erosion versus bed aggradation. As the channel moves toward a steady-state condition (reduced sediment transport and inputs generally equaling outputs), sediment retention approaches zero while the wetted perimeter gradually increases (figure 6). The extent of the wetted perimeter during stage F could eventually exceed that of the preremoval channel (stage A) if complex channel forms that include features such as backwater areas and side channels are allowed to develop.
Using the logic that P dynamics are driven by sediment transport and N by the extent of sediment-water contact, predictions about these nutrients can be generated from geomorphic trends described by the channel evolution model (figures 3, 6). Greatest P loss should occur from stage C and D channels because sediment transport is maximized, whereas stage E channels should begin to retain P because of aggradation. Similarly, extensive contact between water and sediment enhances N retention during stages A and B, but the reduced contact because of a smaller wetted perimeter, and also to greater water velocities, between nitrate-rich water and the channel in stage C suggests that N retention will be minimal. As the channel widens, sediment-water contact, and thus N retention, are expected to increase progressively in stage D, E, and F channels (figure 6).
Although the generation of predictions regarding transport or retention of different channel stages appears to be relatively straightforward thus far, these stage-based scenarios alone do not resolve the ecosystem-level effects of dam removal on nutrient retention. The amount of N or P retention occurring at any one time following dam removal will be the product of the types of channel stages present, the spatial extent of each of these stages, and the magnitude of influence of each stage on N and P dynamics. This balancing act can be illustrated by considering geomorphic adjustments observed at Koshkonong Creek following dam removal. Seven months after breaching of the dam, channel stages B, C, and D were recognizable in the former impoundment (figure 4). On the basis of our predictions above, we expect that the extensive area above the headcut in stage B should retain N, whereas little or only modest N retention would occur downstream in reaches that are undergoing active channel evolution (stage C and D channel areas). Cumulatively, this suggests that at this time, the entire reach is likely to be retaining N because of the enhanced retention and large spatial extent of the stage B channel. In contrast, modest sediment and P retention of the stage B channel is likely to be overwhelmed by losses associated with incision and widening below the knickpoint, resulting in a net loss of P from the former reservoir.
We can expand the temporally limited analysis above to suggest some general trajectories for N and P retention following dam removal for the Koshkonong Creek example. Over time, the progression of the headcut and subsequent mass wasting causes increasing export of P because of the mobi- lization of sediment, as well as the reduction in the extent of the channel area capable of retaining the P entering the system from upstream. Thus P losses from reservoirs may persist and even intensify over time until substantial channel lengths begin to enter into the aggradation stage (stage E). However, N dynamics over the course of dam removal are expected to be distinct from P dynamics. The upstream migration of the headcut marks the transition between two channel stages, one of which should retain N (stage B), perhaps even more strongly than the preremoval channel, and the other of which is likely to do little more than transport N downstream (stage C). Thus, on the basis of our observations of channel adjustment, it may be several months before measurable declines in N retention associated with shrinkage of the B channel are detectable at this site.
Assumptions and implications of linking geomorphic and ecological models
In considering this geomorphic framework for understanding changing nutrient retention following dam removal, we have made some assumptions and simplifications that need to be addressed. The most important assumption is that NO 3 -and particulate P dominate the total N and P budgets, respectively. The assumption of NO 3 -and particulate P dominance led us to a second assumption, that N retention is most strongly influenced by denitrification and P retention is driven by either the settling or transport of sediments. For N, the assumptions that NO 3 -represents the majority of N in transport and, more important, that denitrification is the dominant mechanism of retention, appear to be reasonable for even slightly enriched systems (Hedin et al. 1995, Saunders and Kalff 2001) . However, we have not considered a potentially important pool of N in the form of particulate N, which includes both organic particles and ammonium (NH 4 + ) sorbed to sediments. While sedimentation of particulate N does not make a large contribution to N retention in lakes and wetlands (Saunders and Kalff 2001) , NH 4 + concentrations in reservoir sediments can be extremely high. It is reasonable to assume that mobilization of sediments associated with incision and widening will promote N export from the reservoir in a fashion similar to P (Perrin et al. 2000) . For P, water-soluble forms of this nutrient often represent a substantial fraction of total P load. Nonetheless, mobilization and transport of sediment is still likely to exert an important influence on P retention following dam removal because dissolved P (notably, phospate) will sorb to sediment particles that become entrained in the water column during channel adjustment.
An obvious simplification in this analysis has been to restrict our consideration of nutrient dynamics only to the section of river affected by impoundment. However, the effects of dams and dam removal are best understood in the larger context of the watershed. Although changes within the impounded reach are rapid and dramatic following dam removal, effects of removal may be measurable for several kilometers downstream. Depending on particle size, downstream deposition of reservoir sediments might either increase or decrease transient storage and, therefore, nutrient uptake below the dam site. Fine-particle deposition can potentially clog interstitial spaces and reduce the movement of water into and out of the streambed, or alternatively, deposition of coarse particles can lead to the formation or enhancement of bars or other bedform features, increasing sediment-water contact . The balance between within-reservoir versus downstream effects of dam removal remains an important area of investigation.
A further simplification of our conceptual framework is the use of a single geomorphic parameter for assessing N dynamics, although other aspects of channel morphology and hydraulics undoubtedly play important roles. For simplicity and clarity, we have used only channel wetted perimeter, although a measure of the proportion of flow in contact with the bed would be more desirable. Also, transitions between different channel stages will affect water velocity through the channel, which in turn plays an important role in determining nutrient uptake rates (Wolheim et al. 2001) . By using a single parameter to characterize the physical changes occurring within the river, we have not distinguished between the interrelated effects of changing water velocity and chan- nel form. We expect that changes in velocity caused by altered channel form should intensify predicted nutrient responses. For example, the large amount of sediment-water contact predicted from the extensive wetted perimeter of the stage B channel will be enhanced by the slow flow rate of water over this large area. In contrast, the small wetted perimeter or extent of sediment-water contact in stage C is further reduced by high water velocity.
Despite these caveats, several points regarding the effects of dam removal emerge from this analysis. The major theme emphasized here is that changes in nutrient retention caused by dam removal are expected to be shaped by geomorphic channel adjustments. Although the specific way in which channels adjust to dam removal will vary from region to region, the change in the physical template will strongly influence the ecological responses to dam removal. Changes in nutrient retention following dam removal should be complex, reflecting a balance between the dynamics of channel adjustment and the relative influence of different channel stages on N and P processing. Following dam removal, affected sections of a river may consist of a series of reaches that have distinct and potentially contrasting influences on the form and amount of nutrients being transported downstream.
Dam removal represents an extreme example of the influence of channel morphology on nutrient dynamics in streams and rivers. While it is impossible to ignore the dramatic and relatively rapid geomorphic changes when studying dam removal, streams and rivers are dynamic physical systems subject to short-and long-term changes in channel form. Yet channel geomorphology is usually treated as a fixed or constant attribute in ecological studies. As channels change over time or from site to site in a stream, the extent of sediment-water contact or the rate of sediment transport will also vary. For example, the transition from a narrow and deep incised channel to a broader, shallow channel under conditions of constant discharge will be accompanied by a decline in water velocity, an increase in wetted perimeter, and probably an increase in the amount of interstitial flow. Because geomorphic adjustments can alter sediment transport and the extent of sediment-water contact, changing channel form alone has the potential to affect uptake lengths and rates of biologically important elements such as N and P. Although the general importance of channel form on a range of ecosystem processes, including nutrient cycling, is well established (Brussock et al. 1985 , Frissell et al. 1986 , D'Angelo et al. 1997 , we are only beginning to understand how specific geomorphic attributes constrain nutrient dynamics in lotic systems. Dam removal can be used as an experiment for testing predictions or quantifying relationships between the dynamics of channel form and nutrient retention and thus represents a rare opportunity to gain valuable insights into the transport and transformation of nutrients as they move through watersheds.
